The mass transfer (analogous to heat transfer) and pressure loss characteristics of staggered short pin-fin arrays are investigated experimentally in the range of Reynolds number 3000 to 18,000 based on fin diameter and mean approach-flow velocity. Three different shapes of fins with aspect ratio of 2 are examined: one uniform-diameter circular fin (UDCF) and two stepped-diameter circular fins (SDCF1 and SDCF2). Flow visualization using oil-lampblack reveals complex flow characteristics associated with the repeated production of horseshoe vortices and fin wakes, and the interactions among these. The SDCF1 and SDCF2 arrays show flow characteristics different from the UDCF array due to downflow from the steps. For all arrays tested, the near-endwall flow varies row by row in the initial rows until it reaches a stable pattern after the third row. The row-averaged Sherwood numbers obtained from the naphthalene sublimation experiment also show a row-by-row variation pattern similar to the flow results. While the SDCF2 array has the highest mass transfer rate, the SDCF1 array has the smallest pressure loss at the same approach-flow velocity. The fin surfaces have higher array-averaged Sherwood number than the endwall and the ratio between these changes with fin shape and Reynolds number. The performance of the pin-fin arrays is analyzed under two different constraints: the mass[heat transfer rate at fixed pumping power, and the mass/heat transfer area and pressure loss to fulfill fixed heat load at a fixed mass flow rate. In both cases, the SDCF2 array shows the best performance.
INTRODUCTION
Pin-fin arrays have been widely used as an effective tool to enhance convective heat transfer in many engineering applications. Studies for the short pinfin array whose length spans the entire flow passage have been conducted from the late 1970s with particular emphasis on internal cooling at the trailing edge part of advanced gas turbine blades. Numerous studies were conducted to examine parameters such as the fin length-to-diameter ratio (Brigham and VanFossen, 1984) , array geometry (Metzger et al., 1981; 1983; Metzger and Haley, 1982) , and entrance length (Lau et al., 1985) . To improve heat transfer performance, the effect of fin shape on heat transfer and pressure loss was investigated using an oblong shaped fin (Metzger et al., 1984) and a partial length fin (Peng, 1984) .
The heat transfer and pressure loss in the presence of lateral flow ejection (Lau et al., 1989a,b) , channel convergence, array interruption, and the change of array configuration (Steuber and Metzger, 1986) , and fin-endwall fillet (Chyu, 1989) were also investigated to simulate specific operating conditions for the internal cooling of a turbine blade.
These studies reveal that short pin-fin arrays produce significant enhancement of heat transfer on the channel wall. However, this increased heat transfer is accompanied by a large increase in pressure drop (Metzger et al., 1983; Lau et al., 1989a,b) . In most applications of pin fins, both the heat transfer and the pressure loss characteristics are important. To improve the heat transfer and pressure loss characteristics of the short pin-fin array, better understanding of the physical mechanisms which govern both the heat transfer and the pressure loss is essential. Due to the small lengthto-diameter ratio, much of the heat transfer area of the short pin-fin channel is affected by the strong endwall-cylinder interactions. Several reports show high mass transfer near the base of a protruding cylinder in a developing boundary layer (Goldstein and Karni, 1984; Van Dresar and Mayle, 1986 ).
The horseshoe vortices generated at the cylinderendwall junction played an important role in heat transfer enhancement on both the cylinder and the endwall. Ireland and Jones (1986) observed horseshoe vortices near the fin-endwalljunction in a fully developed duct flow, which led to an augmentation of heat transfer from the duct wall in the vicinity of the cylinder. Mass transfer and flow characteristics on the endwall of a short protruding cylinder with a free end were reported in Goldstein et al. (1985) and Kawamura et al. (1984 Kawamura et al. ( ,1985 . They observed that the fluid flowing over the free end of a short protruding cylinder is dragged into the wake toward the endwall increasing the heat transfer on the endwall.
Based on these results, a new fin shape which has potential to improve the heat/mass transfer and pressure loss characteristics was designed: steppeddiameter fins with stepwise change of diameter in the fin axial direction such that the cylinders at both ends have equal diameters and the one in the middle has a reduced diameter. The mass transfer and pressure loss characteristics of the stepped-diameter circular fin arrays were studied by Goldstein et al. (1994) and Chen et al. (1994) . They found that the stepped-diameter circular fin array produces higher mass transfer and less pressure loss than the uniform-diameter circular fin array. However, only the mass transfer from the fins was measured in those studies. The present study is an extension of that work. Flow visualization using oil-lampblack is performed to imp'rove understanding of the flow characteristics. Measurement of local mass transfer coefficients on the endwall is conducted using naphthalene sublimation. The mass transfer, pressure loss, and overall performance of the pin-fin arrays are analyzed using the measured data.
EXPERIMENTAL APPARATUS AND PROCEDURES
The experiments are performed in a specially designed open-circuit suction-type wind tunnel, the schematic of which is presented in Fig. 1 
DATA REDUCTION
Mass transfer using naphthalene (C10U8) sublimation is used in this study. As discussed in many previous works, the measured mass transfer coefficient can be converted to a heat transfer coefficient using the analogy between heat and mass transfer (Eckert, 1976 (2) where ps is a density of solid naphthalene, @ is a local net sublimation loss (change in thickness of naphthalene), and %-is the exposure time in the flow. Substituting Eq. (2) The naphthalene vapor concentration at the wall, Pn,w, is calculated from the vapor pressuretemperature relation of naphthalene by Ambrose et al. (1975) in conjunction with the ideal gas law.
The bulk concentration of naphthalene vapor in the approaching air at the axial station x, Pn,bx, can be calculated from a mass balance in the following way. The surface integrated mass transfer rate between x 0 to x and -Sz <_ z < Sz is determined by numerically integrating h(x,z) using (1996) . arrays visualized using an oil-lampblack mixture at Red,a= 18,000. As observed from these photographs, the near-endwall flow in the pin-fin arrays is extremely complex due to the repeated production of the horseshoe vortices and fin wakes, and their interactions imposed by the repeated blockage of the fins. It is well known that when the boundary layer developing over a flat surface encounters a surface mounted obstacle, the mean shear within the approaching boundary layer is skewed due to the adverse pressure gradient present at the leading edge of the obstacle, Baker (1980) and Goldstein and Karni (1984) . The boundary layer separates and rolls up to form a series of vortices at the leading edge, and vortices wrap around the obstacles with the main flow leaving streamwise vortex legs at both sides of the obstacle. These vortices are termed horseshoe vortices or necklace vortices because of their shape. However near wake flow especially in the initial rows shows quite different characteristics from those of the UDCF. This was expected due to the step-induced downward flow which altered the near-endwall flow at the sides and near wake of a fin. Chen (1996) investigated near-endwall flow around a steppeddiameter circular cylinder and found that the step induces large accelerations in the near-endwall flow and reduces near-endwall turbulence intensity in the near wake even altering the oscillatory behavior of the wake. For the SDCF1 array, no clear recirculation can be observed in the near wake of the first and second row fins. A striking observation is that the wake flow of the first row fins is drawn into the low pressure pockets just behind the second row fins despite the acceleration between the second row fins. This contrasts to the flow from the first row ofthe UDCF which appears to impinge directly on the cylinders in the second row. Another interesting observation is that the flow becomes similar to that with the UDCF as it goes to the downstream rows. It is not clear what makes these changes in flow character at this time. It may be that the turbulence, produced by the repeated blockage of fins, makes the flow stabilize to the characteristic pattern inherent in that array configuration. The SDCF2 array shows similar flow characteristics to those of the SDCF1 array.
Average Mass Transfer Coefficients Figure 6 shows the variation of row-averaged Sherwood number with streamwise row number.
In this figure, the row-averaged Sherwood number on the fin taken from Goldstein et al. (1994) Table I .
The array-averaged Sherwood numbers on the fin surface, endwall, and fin-endwall combined surface are presented in Fig. 10 . On the fin surface, the array-averaged Sherwood numbers of the SDCF1 and SDCF2 arrays are higher than those of the UDCF array. Between the SDCF1 and SDCF2
arrays, the SDCF2 array shows slightly higher Sherwood number values than does the SDCF1 array. On the endwall, while the SDCF2 array shows higher array-averaged Sherwood number than the UDCF array, the SDCF1 array shows lower values than the UDCF array. As a result, the array-averaged Sherwood numbers on the combined surface reveal that the SDCF2 array has the highest Sherwood number and the UDCF array has the lowest Sherwood number at the same maximum velocity inside the pin-fin channel. 
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The array-averaged Sherwood numbers are nicely fitted using the power law, Shd,a aRebd,m, (16) where the values of a and b of the combined surface are presented in Table I .
The separately measured mass transfer coefficients on the fins and the endwall provide a chance to explore the relative magnitude of mass transport from the fin and from the endwall. The ratios of mass transfer coefficients between the fins and endwall of the UDCF, SDCF and SDCF2 arrays are presented in Fig. 11 . The figure indicates that while the ratio changes weakly with Reynolds number, it changes strongly with the fin shapes. On average, the array-averaged Sherwood numbers on the fins are higher than those of the endwalls by 23 %, 41%, and 31% for the UDCF, SDCF1, and SDCF2 arrays, respectively in the Reynolds number range investigated. There were large discrepancies among the published heat transfer results for this matter.
VanFossen (1981) FIGURE 12 Heat/mass transfer rates of the SDCF1 and SDCF2 arrays relative to the UDCF array at a given .
non-dimensionalized pumping power, tIs. The heat transfer enhancement rate shows decreasing trend with increasing .TheSDCF2a rray shows better overall performance than the UDCF array in the present pumping power range. The SDCF2 array has a 6% higher heat transfer rate at tIs 5000 and 3% higher heat transfer rate at tIs 30,000 than the UDCF array. On average, the SDCF2 array shows 4% higher heat transfer rate than the UDCF array at the same pumping power. The SDCF array provides about 5% higher heat transfer rate at tIs=5000, but 2% lower heat transfer rate at 30,000 than the UDCF array. On average, the heat transfer rate of the SDCF1 array is almost the same as that of the UDCF array in the present pumping power range. The maximum possible heat transfer rate of the heat transfer system, 0max, is determined by the maximum temperature difference in the system 0max t'hcp(Tw Tb,1)
The effectiveness of the heat transfer system, which is defined as the ratio between actual heat transfer rate presented in Eq. (21) (b) , and (c), respectively. In these figures, the ordinate has dual levels. One is the number of rows, N, which represents the required size of the heat transfer system. The other is the non-dimensionalized pressure loss, fN(AductlAmin), which represents the resulting pressure loss of the system. While the SDCF1 array requires the largest heat transfer area, the SDCF2 array requires the smallest heat transfer area to fulfill fixed heat duty for all cases studied. The UDCF array shows higher pressure loss than SDCF arrays for all cases studied. Between the SDCF arrays, the SDCF1 array shows lower pressure loss than the SDCF2 array when the Reynolds number is less than 13,000. However, at the higher Reynolds number, the SDCF2 array shows slightly lower pressure loss than the SDCF1 array. Overall, the SDCF2 array shows the best performance. It requires less heat transfer area to achieve fixed heat load and produces less pressure 10 13
..- The performance of the pin-fin arrays was analyzed under two different constraints. The SDCF2 arrays showed the best performance among the tested arrays. It produced the highest heat transfer enhancement at the same pumping power condition. It also required the smallest heat transfer area and produced the smallest pressure loss to achieve assigned heat load at the same mass flow rate condition. Even though the SDCF2 array showed better performance than the UDCF array, the heat transfer enhancement level achieved using it was smaller than expected. Higher endwall mass/heat transfer coefficients were expected using the SDCF arrays due to the step-induced secondary flow directed toward the endwall. But this step-induced flow altered the near wake flow characteristics. It not only accelerated the near endwall flow, but it also apparently decreased the near endwall turbulence intensity possibly due to the acceleration induced re-larminarization. The suppression of turbulence energy contained in a separating shear layer caused by the step may be another reason. As a result, the wakes of the SDCF arrays were not so effective in enhancing endwall mass/heat transfer compared to the wake of a UDCF array. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
